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TVB receptors are death receptors of the tumor necrosis factor receptor (TNFR) family and serve as cellular
receptors for cytopathic subgroups B and D and noncytopathic subgroup E of the avian leukosis viruses
(ALVs). Although TVB is essential for ALV-B-mediated cell death, binding of the ALV-B envelope protein to
its cognate receptor TVB activates cell death only in the presence of protein biosynthesis inhibitors, which
presumably block the expression of protective factors. In the case of TNFR-1, the main antiapoptotic pathway
depends upon nuclear factor kappa B (NF-�B)-activated survival factors. Here we show that overexpression of
TVB receptors in human 293 cells activates NF-�B via a mechanism involving the cytoplasmic death domains
of these receptors. NF-�B is also activated upon binding of a soluble ALV-B or ALV-E surface envelope-
immunoglobulin fusion protein to the cognate TVB receptors and by ALV-B infection of a chicken embryo
fibroblast cell line (DF1). Importantly, the cycloheximide requirement for TVB-dependent cell death was
overcome by the expression of a transdominant form of I�B-�, and downregulation of NF-�B by the immu-
nomodulator pyrrolidinedithiocarbamate enhanced the cytopathogenicity of ALV-B. These results demonstrate
that TVB receptors trigger NF-�B-dependent gene expression and that NF-�B-regulated survival factors can
protect against virus-induced cell death.

Cytopathic retroviruses are able to induce cell death (cyto-
pathic effect) upon infection of their target cells. The viral
determinants for cytopathic effects have been mapped to the
viral surface (SU) Env protein of avian leukosis virus (ALV)
and several additional retroviruses such as human immunode-
ficiency virus (HIV) (28), Cas-Br murine leukemia virus (20),
avian hemangioma virus (22), and feline leukemia virus (13,
23). ALVs are divided into three cytopathic subgroups (B, D,
and F) and six noncytopathic subgroups (A, C, E, G, H, and I).
Infections by the cytopathic subgroup B of ALV lead to cell
death during the acute phase of infection and are associated
with a severe but transient anemia in newborn chickens (29).
The induction of anemia has not been observed with infections
by noncytopathic subgroups of ALV (29).

The determinants for cytopathogenicity of ALV-B colocal-
ize with the determinants for receptor recognition, suggesting
involvement of cellular receptors in ALV-B-mediated cell kill-
ing (14). The role of ALV-B receptors in virally induced cell
killing was further supported by the fact that cytopathic
ALV-B and ALV-D utilize TVBS3, a tumor necrosis factor
receptor (TNFR), as a viral receptor (8). TVBS3 shares high
sequence homology and structural features with mammalian
death-receptors 4 and 5 (DR4 and DR5) (11). These shared
features include three TNFR-like extracellular cysteine-rich
domains, a single transmembrane region, and a putative cyto-
plasmic death domain (25). Activation of TNFR-1 by TNF-�
leads to clustering of the cytoplasmic death domain, sequential
recruitment of downstream proteins, and induction of diverse

signaling pathways (3). TNFR-1 death domain clustering leads
to binding of TRADD, a key adaptor protein, and association
with FADD, which recruits and activates caspase 8 (3). We
have shown that TVBS3 is a signaling-competent death recep-
tor and is able to mediate cell death when it is activated upon
binding to a soluble viral envelope-immunoglobulin (Ig) fusion
protein (SUB-IgG) (7). SUB-IgG is comprised of the surface
part of the ALV-B envelope protein fused in frame to the
constant region of an immunoglobulin (1). This ability to ac-
tivate cell death is shared with other TVB receptors: the turkey
TVBT receptor specific for the noncytopathic subgroup E of
ALV (1) and TVBS1, a chicken receptor for subgroups B, D,
and E of ALV (2). Thus, cytopathic subgroups B and D and
noncytopathic subgroup E viruses use TVB receptors that are
competent for activating cell death pathways.

Although TVB receptors appear to be essential for ALV-B-
induced cytopathic effects, these receptors do not trigger cell
killing upon binding to cognate ALV envelope proteins in the
absence of the protein biosynthesis inhibitor cycloheximide.
Furthermore, cell death is not observed during the initial
rounds of ALV-B infection. These observations suggest the
existence of additional cofactors for cell death induction dur-
ing ALV-B infections. One of these cofactors may be massive
superinfection, since infections by cytopathic ALV-B lead to
accumulation of multiple copies of unintegrated viral DNA in
dying cells (38, 39), although this idea remains to be tested.

The cycloheximide requirement of TVB-dependent cell
death is highly reminiscent of a similar requirement of cell
death pathways that are activated by TNFR-like receptors. In
the case of TNFR-1, this protective pathway requires de novo
protein biosynthesis induced by the transcription factor NF-
�B. Activation of mammalian death receptors TNFR-1, DR3,
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DR4, and DR5 triggers translocation of NF-�B to the nucleus
(reviewed in reference 27), where it drives the expression of
cellular survival factors (10, 18, 40). Downregulation of NF-�B
potentiates TNF-�-induced cell death (5), and mice lacking the
NF-�B p65/RelA gene are defective in NF-�B signaling and
die in utero from extensive cell death within their liver (24).
NF-�B plays a pivotal role in many cellular responses to envi-
ronmental changes (19). NF-�B exists in the cytoplasm as
homo- and heterodimers and is sequestered by the specific
inhibitory protein I�B (19). In response to a variety of extra-
cellular stimuli, I�B is phosphorylated at serines at positions 32
and 36 and is subsequently ubiquitinylated and degraded (33).
Consequently, NF-�B dissociates from I�B and translocates
from the cytoplasm to the nucleus, where it induces target gene
expression. Genes regulated by nuclear NF-�B include those
involved in preventing cell death, such as TRAF1, TRAF2,
c-IAP1, c-IAP2, A20, and IEX-1L (10, 18, 36, 40). Given the
key role of NF-�B in cell survival we asked whether, like other
TNFR-related death receptors, TVB receptors are competent
in activating NF-�B and whether NF-�B-dependent pathways
can protect against TVB-mediated cell death.

We show here that overexpression and cross-linking of TVB
receptors lead to a striking increase in NF-�B activity. Fur-
thermore, expression of the transdominant inhibitor of NF-�B
(TD-I�B) overcomes the cycloheximide requirement for cell
killing induced by soluble ALV envelope proteins, and a spe-
cific inhibitor of NF-�B, pyrrolidinedithiocarbamate (PDTC)
(26), significantly enhanced the cytopathogenicity of ALV-B.
These results indicate that an NF-�B-mediated protective
pathway regulates the fate of cells during ALV-B infection.
Therefore, the cytopathogenicity of ALV-B appears to be un-
der the checkpoint control of NF-�B.

MATERIALS AND METHODS

Cell lines, plasmids, antibodies, and viruses. Quail QT6 cells, chicken embryo
fibroblast (DF1) cells, and human 293 cells have been described elsewhere (1, 8).
The subgroup B-specific and subgroup E-specific SU-Ig fusion proteins (SUB-
IgG and SUE-IgG, respectively) were described elsewhere (1). TVBS1,
TVBS1�DD, TVBS1-F292A, TVBS1-R294A, TVBS1-L298A, TVBS1-L298N,
TVBS1-W324A, TVBS3, TVBS3�DD, TVBS3-F292A, TVBS3-R294A, TVBS3-
L298A, TVBS3-L298N, TVBS3-W324A, TVBT, and TVBT�DD were described
elsewhere (1, 8). The NF-�B–luciferase reporter plasmids, which contain either
three wild-type NF-�B sites (3X-�B-L) or three mutant NF-�B sites (3X-mut-
�B-L) were obtained from Bill Sugden (Madison, Wisc.). I�B-� (FL) (purchased
from Santa Cruz Biotechnology, Inc.; catalog no. sc-847) was used as the anti-
body for transdominant I�B-� (TD-I�B). Anti-p50 and -p65 antibodies, used for
supershift assays, were purchased from Santa Cruz Biotechnology, Inc. (catalog
nos. sc-7178 and sc-109, respectively). TD-I�B was provided by Michael Karin
(San Diego, Calif.). TD-I�B contains a hemagglutinin tag and serine-to-alanine
substitutions of residues 32 and 36. PDTC was purchased from Sigma.

Measurements of NF-�B induction. (i) Luciferase assay. A total of 106 cells
were transfected with 300 ng of each construct by using Lipofectamine (Gibco
BRL). Thirty-six to 48 h later, cells were lysed in 250 �l of lysis buffer (Promega
Lysis buffer). The luciferase assay was performed using 30 �l of luciferase
substrate (Promega) in 90 �l of lysate, which was incubated for 5 min at room
temperature and analyzed in a luminometer (Wallac Corporation). For the
measurements of transient NF-�B induction, 5 � 104 DF1 cells expressing the
NF-�B–luciferase reporter were cocultivated with 5 � 104 of either uninfected
DF1 cells, DF1 cells chronically infected by ALV-A, or DF1 cells chronically
infected by ALV-B. After incubation at 37°C for varied time intervals, the
above-mentioned luciferase assay was performed. For the measurements of
transient NF-�B induction by cocultivation in the presence of PDTC, 5 � 104

DF1 cells expressing the NF-�B–luciferase reporter were plated out. Approxi-
mately 5 h later, PDTC was added at different concentrations (0, 0.1, 0.3, 0.5, 0.7,
1, 2, and 5 �M). Two hours later, 5 � 104 of either uninfected DF1 cells, DF1

cells chronically infected by ALV-A, or DF1 cells chronically infected by ALV-B
were added. Cells were incubated at 37°C for 15 h after the cocultivation was
started and were lysed by the luciferase lysis buffer. The luciferase assay was
performed as described above.

(ii) Electrophoretic mobility shift assay (EMSA). Approximately 2 � 107 293
cells were transfected with 31.5 �g of DNA plasmids encoding different TVB
proteins in the presence or absence of 5 �g of I�B with Lipofectamine (Gibco
BRL). After incubation at 37°C for 48 h (293 cells), cells were washed twice with
phosphate-buffered saline (PBS) and centrifuged at 600 � g at 4°C. Pellets were
lysed in low-salt buffer containing 10 mM HEPES at pH 7.9, 10 mM KCl, 0.1 mM
EDTA, 0.1 mM EGTA, 1 mM dithiothreitol (DTT), 0.5 mM phenylmethylsul-
fonyl fluoride (PMSF), protein inhibitor cocktail pill, and 0.5% Nonidet P-40.
The cytoplasmic proteins in the supernatant were collected after centrifugation
at 13,400 � g at 4°C. The cytoplasmic fraction was used for the immunoblotting
assay. The pellets containing the nuclear fraction were resuspended and ex-
tracted in high-salt buffer containing 20 mM HEPES at pH 7.9, 400 mM KCl, 1
mM EDTA, 1 mM EGTA, 1 mM DTT, 1 mM PMSF, and protein inhibitor
cocktail. Protein concentrations of both the cytoplasmic fraction and nuclear
fraction were determined by a Bio-Rad protein assay. The NF-�B double-
stranded oligonucleotides corresponding to the NF-�B consensus sequence of
the � light chain enhancer in B cells (5�-AGT TGA GGG GAC TTT CCC AGG
C-3�) (Promega) were end labeled with [�-32P]ATP (3,000 Ci/mmol) (Amer-
sham) by the T4 polynucleotide kinase (Promega) and purified on a G-25 col-
umn. Samples were prepared by mixing 10 �g of extracts with 0.1 pmol of
[�-32P]ATP end-labeled double-stranded NF-�B probe in binding buffer con-
taining 10 mM Tris at pH 7.5, 50 mM NaCl, 1 mM EDTA, 5% glycerol, 1 mM
DTT, and 1 mg of poly(dI-dC). The competition assay included 5 pmol of NF-�B
oligo. Samples were resolved on a 6.5% polyacrylamide gel that was run at 200
V for 3 h in 0.5� TBE (45 mM Tris-borate and 1 mM EDTA). Gels were vacuum
dried at 80°C for 2 h and exposed to Kodak film at 	80°C for 10 to 24 h.

Immunoblotting. Fifty micrograms of the protein extracts from the above
low-salt buffer (see EMSA assay) was applied to a 10% polyacrylamide–sodium
dodecyl sulfate gel under reducing conditions and transferred to nitrocellulose
membranes. The membranes were first probed with SUB-IgG (for TVBS1 and
TVBS3 receptors) or I�B-� (FL) (for TD-I�B) and then with horseradish per-
oxidase-conjugated donkey antibody specific for rabbit Ig (Amersham). Bound
antibodies were detected by enhanced chemiluminescence (Amersham).

Cell killing analysis. (i) Cell killing by SU-IgG. Approximately 105 QT6 or
DF1 cells stably expressing TD-I�B were incubated at 37°C with 50 ng of
SUB-IgG or SUE-IgG. Three days later, cells were washed with PBS, trypsinized,
and replated. Four hours later live cells were trypsinized and counted under a
microscope using a hemocytometer. Apoptotic cells were stained after 2 days
with Hoechst 33342 stain (Sigma) and counted.

(ii) Cell killing by infection. A total of 7 � 104 DF1 cells was incubated at 37°C
for 6 h with 50 �l of ALV-A–green fluorescent protein (GFP) (titer of 106) or
ALV-B–GFP (titer of 106) in the absence or presence of varied concentrations
of PDTC. PDTC was added 2 h before the infection. At different time points,
cells were washed with PBS, trypsinized, and counted.

Flow cytometric analysis of infectious activities of ALVs. The infection status
of ALV-A–GFP– and ALV-B–GFP–infected DF1 cells was determined at dif-
ferent time points. Cells were washed with PBS, trypsinized, and resuspended in
PBS, and GFP expression was measured by flow cytometry.

RESULTS

NF-�B activation by overexpression of TVB receptors in
human 293 cells. To test whether TVB receptors are able to
activate NF-�B, we took advantage of the fact that overexpres-
sion of specific TNFR-related receptors in human 293 cells can
activate this transcription factor. Different TVB constructs
were cotransfected with an NF-�B–luciferase reporter plasmid
into 293 cells. Overexpression of full-length TVBS1, TVBS3,
and TVBT led to 40-, 220-, and 80-fold increases in NF-�B
activation, respectively (Fig. 1A, B, and C). The results ob-
tained with TVBS3 were comparable to that seen with overex-
pression of human TNFR-1 (Fig. 1B). We confirmed that the
cytoplasmic death domains of the TVB receptors were re-
quired for NF-�B activation by overexpressing mutant TVBS1

and TVBS3 that either lacked these domains (�DD) or con-
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FIG. 1. TVBS1, TVBS3, and TVBT receptors induce NF-�B upon transfection of human 293 cells. Human 293 cells were transfected with NF-�B–
luciferase reporter plasmid and wild-type TVBS1, TVBS1�DD, TVBS1-F292A, TVBS1-R294A, TVBS1-L298A, TVBS1-L298N, TVBS1-W324A, and
control plasmid pCI-neo (Promega) (A); wild-type TVBS3, TVBS3�DD, TVBS3-F292A, TVBS1-R294A, TVBS3-L298A, TVBS3-L298N, TVBS3-W324A,
control plasmid pBK-CMV (Stratagene), and TNFR (B); or TVBT, TVBT�DD, and control plasmid pBK-CMV (Stratagene) (C). The representative
experiments were performed in triplicate, and the standard deviations of the data are indicated with error bars. Wild-type and mutant TVBS1 (D) or
TVBS3 (E) are expressed in human 293 cells. Protein lysates from cells transfected with corresponding plasmids (panels A to C) were immunoblotted
using SUB-IgG. (F) Overexpression of TVBS3 and TNFR in 293 cells triggers NF-�B. Transfection of TVBS3 and TNFR in 293 cells triggers luciferase
activity in the presence of wild-type but not mutant NF-�B–luciferase reporter plasmids. (G) TVB receptors activate NF-�B. Human 293 cells were
transfected with wild-type TVBS3 in the absence (lane 1) or presence (lane 6) of TD-I�B or with TVBS3-F292A (lane 7), TNFR (lane 8), TNFR�DD
(lane 9), or control plasmids pBK and GFP (lanes 10 and 11, respectively) and incubated with a radiolabeled wild-type NF-�B or a mutant NF-�B (lane
3) oligonucleotide. Supershift assays were performed with anti-NF-�B p50 and anti-NF-�B p65 antibodies of TVBS3-transfected cells (lanes 4 and 5,
respectively). Lane 2 corresponds to lysates from 293 cells transfected with TVBS3 and supplemented with an excess unlabeled competitor NF-�B
oligonucleotide. Nuclear lysates were subjected to EMSA.
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tained inactivating amino acid substitutions (F292A, L298A,
L298N, W324A) within this domain (Fig. 2). These three res-
idues are highly conserved among TNFR-like death domains
and are required for NF-�B signaling (32) and TVB-induced
cell death (7). Western blot analysis of lysates derived from
transfected 293 cells confirmed that full-length and mutant
TVB receptors were expressed at approximately equal levels
(Fig. 1D and E) with the exception of TVBS1-R294A,
TVBS1�DD, and TVBS3�DD (Fig. 1D and E). Expression
levels of wild-type and death domain deletion mutants of
TVBT and TNFR-1 have been described previously (1, 32).
The mutant TVB receptors were unable to activate NF-�B
(Fig. 1A, B, and C). In addition, overexpression of full-length
TVBS3 and TNFR in the presence of mutant NF-�B–luciferase
reporter plasmids, which contain mutant NF-�B elements, did
not result in the induction of luciferase activity (Fig. 1F). This
result supports the hypothesis that full-length TVB receptors
are able to specifically induce NF-�B.

To demonstrate more directly that TVB receptors activate
NF-�B, an EMSA was used. Consistent with the results ob-
tained with the luciferase assay, overexpression of wild-type
TVBS3 strongly increased levels of free NF-�B, whereas mu-
tant TVBS3 (TVBS3-F292A), TNFR�DD, and control plas-
mids (pBK and GFP) failed to do so (Fig. 1G, lanes 7, 9, 10,
and 11). NF-�B activation by TVBS3 was similar to levels seen
with overexpression of TNFR-1 (Fig. 1G, lanes 1 and 8). The
specificity of the reaction was shown with mutant NF-�B
probes, which were unable to give a signal (Fig. 1G, lane 3).
Furthermore, supershift assays were performed to characterize
the DNA-protein complexes. Anti-NF-�B p50 and anti-NF-�B
p65 antibodies supershifted the complex (Fig. 1G, lanes 4 and
5), indicating that the NF-�B family members p50 and p65 are
present in the induced complex. These results confirm that
NF-�B is activated in cells transiently transfected with TVB
proteins. Taken together, TVB receptors are capable of acti-
vating NF-�B by a mechanism requiring a functional death
domain.

To test whether an NF-�B-dependent cellular pathway
might protect against TVB-induced cell death, a dominant-
negative form of the mammalian I�B (TD-I�B) (33), a specific
inhibitor of NF-�B, was employed. TD-I�B lacks serine 32 and
36 and can no longer be phosphorylated and degraded upon
TNFR activation. Thus, it constitutively binds to NF-�B and
specifically inhibits its function. As expected, cotransfection of
TVBS1 with TD-I�B resulted in a significant reduction in re-
ceptor-activated free NF-�B levels as demonstrated by EMSA

(Fig. 1G, lane 6). Thus, activation of the NF-�B pathway by
TVBS1 was specifically blocked by TD-I�B.

Cross-linking of TVB receptors with ALV-B SU-Ig proteins
leads to NF-�B induction in chicken DF1 cells. To determine
whether binding of ALV envelope protein to the endogenous
TVB receptor TVBS3 expressed in avian cells can activate
NF-�B, we treated DF1 cells, which are homozygous for this
tvb allele, with a soluble ALV-B SU-Ig fusion protein (SUB-
IgG).

To determine induction of NF-�B after binding of the
ALV-B envelope protein to TVBS3, we treated DF1 cells stably
expressing the NF-�B reporter construct (DF1:NF-�B-luc)
with SUB-IgG or SUA-IgG. As expected, SUB-IgG but not
SUA-IgG triggered NF-�B in DF1:NF-�B-luc cells (Fig. 3A).
No signal was detected for the first 15 h, and a twofold in-
creased induction of NF-�B was detected over the period of 15
to 40 h. 293 cells expressing the ALV-B envelope protein were
also able to activate NF-�B when cocultivated with DF1:NF-
�B-luc cells (data not shown).

Cocultivation of DF1 cells with ALV-B-infected cells triggers
NF-�B activation. To determine whether NF-�B induction
occurs during ALV-B infections, DF1 cells stably expressing
the NF-�B reporter system (DF1:NF-�B-luc) were coculti-
vated with DF1 cells that were either uninfected or chronically
infected by ALV-A or ALV-B. Cocultivation of DF1:NF-�B-
luc cells with ALV-B-infected cells led to an approximately
threefold increase in NF-�B activity over cells that were either
cocultivated with uninfected cells or ALV-A-infected cells
(Fig. 3B). NF-�B activation by ALV-B was transient and
peaked 15 h after the start of the cocultivation. ALV-A, which
utilizes the low density lipoprotein receptor (LDLR)-related
TVA receptors and presumably does not activate NF-�B (4),
was used as a negative control. As expected, no NF-�B induc-
tion over background was detected in DF1:NF-�B-luc cells
cocultivated with ALV-A-infected cells. NF-�B activation after
cocultivation with ALV-B-infected cells could be caused by
several factors, such as binding of free ALV-B to TVB recep-
tors by interactions of the ALV-B envelope proteins expressed
on infected cells with TVB receptors expressed on uninfected
cells and by postentry events (Fig. 3B). Subsequently, we
wanted to investigate whether the induction of NF-�B by TVB
receptors triggers an antiapoptotic pathway.

Expression of TD-I�B renders avian cells susceptible to
ALV envelope protein-mediated cell death. To investigate
whether the cycloheximide requirement for TVB-dependent
cell death is due to an NF-�B-mediated survival pathway, the

FIG. 2. Death domain mutations of TVBS3. Amino acid substitutions of highly conserved residues within the cytoplasmic death domain of
TVBS3 are indicated, and deletions are demonstrated by dashes.
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transdominant NF-�B inhibitor TD-I�B was stably expressed
in DF1 cells (DF1-I�B-1 and DF1-I�B-2) and QT6 cells (QT6-
I�B-1 and QT6-I�B-2). Expression of TD-I�B in QT6 and
DF1 cells was confirmed by Western blot analysis (Fig. 4D and
E). Parental and TD-I�B-expressing cell lines were treated
with SUB-IgG or SUE-IgG and the numbers of apoptotic and
live cells were determined. Quail QT6-I�B cells, which express
an endogenous ALV-E receptor and stably express TD-I�B
(Fig. 4A and B), were killed in the presence of the soluble
ALV-E but not the ALV-B envelope protein. An approxi-
mately 30-fold increase in cell death induction of SUE-IgG-
treated QT6-I�B cells over untreated or SUB-IgG-treated cells
was measured by Hoechst staining after 48 h (Fig. 4A). By
contrast, no apoptosis induction was observed in the parental
QT6 cells in the presence of SUE-IgG. In addition, we ob-
served a three- to fourfold reduction in the number of live QT6
cells expressing TD-I�B after 3 days of incubation with SUE-
IgG (Fig. 4B). Accordingly, DF1-I�B cells, which express the

receptor for ALV-B and TD-I�B, were killed in the presence
of the soluble ALV-B but not the ALV-E envelope protein
(Fig. 4C). DF1 cell lines that did not express TD-I�B were not
susceptible to cell killing by SUB-IgG. Therefore, expression of
TD-I�B rendered QT6 and DF1 cells susceptible to SU-IgG-
mediated cell death in a cycloheximide-independent fashion.
These results indicate that cycloheximide is required for TVB-
dependent cell death by preventing the expression of NF-�B-
regulated survival factors.

Downregulation of NF-�B by PDTC enhances the cytopathic
potential of ALV-B. We have shown that downregulation of
NF-�B levels renders cells susceptible to cell death induction
upon binding of a soluble viral envelope protein. To under-
stand whether reduced NF-�B levels enhance the apoptotic
potential of ALV-B, we treated DF1 cells with the NF-�B
inhibitor PDTC (26) for 2 h and then infected cells with
ALV-B at a multiplicity of infection of 0.1. PDTC treatment
enhanced cell killing by ALV-B compared with untreated cells

FIG. 3. Binding of the ALV-B surface envelope fusion proteins to TVBS3 and cocultivation of DF1 cells with ALV-B-infected cells triggers
NF-�B. (A) DF1 cells expressing NF-�B–luciferase reporter plasmids were left untreated (F) or were treated with SUA-IgG (E) or SUB-IgG (�)
for 40 h. (B) Transient NF-�B induction upon cocultivation of DF1 cells with ALV-B-infected cells. DF1 cells expressing NF-�B–luciferase
reporter plasmids were cocultivated with uninfected DF1 cells (F), ALV-A (E) chronically infected DF1 cells, or ALV-B (�) chronically infected
DF1 cells, at a ratio of 1:1. The representative experiments were performed in triplicate, and the standard deviations of the data are indicated with
error bars.

FIG. 4. Inhibition of NF-�B by dominant-negative I�B renders cells susceptible to killing by SUB-IgG or SUE-IgG. (A) Hoechst-stained
apoptotic cells were counted per field of parental QT6 cells (dots) or QT6 cells stably expressing TD-I�B (slashes) 2 days after incubation with
SUB-IgG, SUE-IgG, and Mock. Shown are cell counts of parental QT6 (B) and DF1 (C) cells (dots) or cells stably expressing TD-I�B (slashes)
3 days after incubation with SUB-IgG, SUE-IgG, and Mock. The representative experiments were performed in triplicate. (D and E) Western blot
analysis of TD-I�B expression in parental and TD-I�B-expressing QT6 (D) and DF1 (E) cells.
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(Fig. 5A). Maximal cell killing was observed at 0.7 �M PDTC
(Fig. 5A), in correlation with a threefold reduction of NF-�B
activation levels below levels in the absence of PDTC (Fig. 5B).
ALV-B infection was not impaired in DF1 cells when treated
with PDTC at the concentrations used (data not shown). These
results suggest that levels of free NF-�B regulate the cyto-
pathogenicity of ALV-B, and factors induced by NF-�B may
keep cells alive during the initial rounds of ALV-B infection
and during the chronic phase of infections.

DISCUSSION

Here we have shown that TVB receptors (TVBS3, TVBS1,
and TVBT), like mammalian TNFR-1, are able to trigger
NF-�B upon activation and that a functional cytoplasmic death
domain is essential for this activity. We demonstrated that
TVB receptors activate NF-�B upon binding of soluble viral
envelope protein (SU-IgG) and upon ALV-B infection of tar-
get cells. The ability to activate NF-�B is shared by TVB
receptors for cytopathic ALV-B and -D and by TVB receptors
for noncytopathic ALV-E. Therefore, it appears that the dif-
ference in the cytopathogenicities of ALV-B and ALV-E is not
due to whether or not their receptors are able to trigger NF-
�B.

NF-�B activation upon ALV-B infections might influence
viral and cellular activities. For example, NF-�B activation in
ALV-B-infected cells might promote ALV replication. Many
viral proteins are able to activate NF-�B, including the human
T-cell leukemia virus type 1 Tax protein (17), the HIV type 1
(HIV-1) Tat protein (12), and the Epstein-Barr virus LMP-1
(15). In many cases, NF-�B activation enhances viral replica-
tion and is therefore beneficial for these viruses. The HIV long
terminal repeat (LTR), for example, contains NF-�B sites that
render HIV highly responsive to NF-�B, and NF-�B activation
enhances HIV gene expression and replication. In contrast, the
ALV-LTR does not contain NF-�B sites; however, the ALV-
LTR has been shown to be indirectly activated by NF-�B-
binding proteins (6).

In addition, NF-�B activation orchestrates a host inflamma-
tory response by inducing the expression of numerous cyto-
kines, chemokines, growth factors, and immunoregulatory pro-
teins, some of which might promote viral replication as well.
The activation of NF-�B represents a double-edged sword in
infected animals, however, since NF-�B could stimulate an
immune response against the invading viruses. Numerous vi-
ruses have developed strategies to counter a strong immune
response by blocking host-induced cell killing. For instance,
several viruses encode Bcl-2 homologues, proteins that inacti-
vate p53 (reviewed in reference 34), or potent inhibitors of
caspases (CrmA [21]). Baculoviruses encode two apoptotic
inhibitors, p35 and the inhibitors of apoptosis proteins (IAP).

Cytopathic ALV-B appears to have adopted at least two
strategies to evade the immune response, including downregu-
lation of the cognate receptors and activation of a protective
antiapoptotic pathway. Chronic infections by ALV-B lead to a
blockade of the TVB cognate receptors, presumably by down-
regulation of TVB receptors from the cellular surface. This
blockade of TVB receptors might protect cells from being
eliminated by the immune system. Death receptors like Fas or
TNFR have been implicated in playing a key role in the im-

mune response, and mice lacking either TNFR or Fas succumb
to infections by specific pathogens (37). Accordingly, the
downregulation of TVB receptors might help ALV-infected
cells to evade the immune response. However, it is not yet
known whether TVB receptors play a role in the host defense.
It remains to be shown whether chickens that are defective for
the TVB locus or are chronically infected by ALV-B are im-
munocompromised. In addition, NF-�B activation might stim-
ulate resting cells, thereby creating an additional reservoir for
the virus.

TNFR is able to activate an NF-�B-mediated antiapoptotic
pathway (3) by induction of protective factors such as TRAF1,
TRAF2, c-IAP, A20, and IEX-1L (10, 18, 40). The presence of
an NF-�B-mediated antiapoptotic pathway that controls apo-
ptosis induction by TVB receptors is supported by our findings
that (i) SUB/E-mediated cell killing requires the presence of
cycloheximide, (ii) avian cells expressing TVB and chronically
infected by ALV-B and ALV-E are killed in the presence of
cycloheximide (7), (iii) downregulation of NF-�B by TD-I�B
renders TVB-expressing cells susceptible to ALV-B or -E en-
velope protein-mediated cell death, and (iv) chemical inhibi-
tors of NF-�B enhance the cytopathic potential of ALV-B.

We propose that this NF-�B-mediated protective pathway
keeps cells alive during the initial round of infection and dur-
ing the chronic phase of infection. NF-�B activation is able to
trigger apoptosis in some cell lines by inducing proapoptotic
factors. However, it is unlikely that DF1 cells are killed by high
NF-�B levels, since transient NF-�B induction in ALV-B-in-
fected cells did not have any cytotoxic effects. The presence of
an antiapoptotic pathway could explain why ALV-B is only
minimally cytopathic during the initial phase of infection.
ALV-B-induced cytopathic effects that are seen after several
rounds of infection might be triggered by a shift in TVB sig-
naling at the onset of cell killing. In mammalian cells, mito-
chondria play a central role in regulating apoptosis induction
and are known to release a set of proapoptotic proteins such as
cytochrome c, Apaf-1 (41), apoptosis inducing factor (16, 31),
and Smac/DIABLO (9, 30, 35). Antiapoptotic factors could be
blocked by pro-apoptotic mitochondrial proteins that are re-

FIG. 5. Reduction of NF-�B activation by PDTC enhances the
cytopathogenicity of ALV-B. (A) Ratio of cell counts of ALV-B-
infected to uninfected DF1 cells, which were pretreated with various
doses of PDTC. (B) Ratio of relative light units (RLU) for NF-�B–
luciferase reporter-expressing DF1 cells pretreated with various doses
of PDTC induced by cocultivation with chronically ALV-A (�) or
ALV-B (■ ) infected to uninfected DF1 cells. The representative ex-
periments were performed in triplicate, and the standard deviations
are indicated.
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leased from mitochondria. It remains to be shown whether
mitochondria are activated and release factors at the onset of
ALV-B-mediated cell killing. It is also conceivable that pro-
tective factors such as cIAP, A20, and BclXL are induced dur-
ing the early phase of infection and blocked at the onset of cell
killing by proapoptotic factors. The regulation and activities of
factors that mediate cell killing by ALV-B remain to be deter-
mined.
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